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14.  ABSTRACT 

Bone  tissue  naturally  regenerates  itself  upon  injuries  like  a  broken  bone.  However,  when  the  size  of  the  injury  exceeds  a  threshold  value  this 
capability  is  lost  and  the  injury  is  referred  to  as  a  critical  size  defect.  When  this  occurs  in  a  warfighter  it  requires  the  use  of  implant  technology 
to  either  help  maintain  functionality  or  induce  healing  to  return  the  individual  to  their  natural  state.  However,  there  are  a  number  of 
drawbacks  to  the  existing  technologies  used  for  injury  repair.  These  include  slow  healing  times,  scar  tissue  formation,  and  the  possibility  that 
the  implant  will  be  rejected  by  the  body.  Therefore  there  is  interest  in  the  development  of  new  materials  to  foster  the  recovery  of  injured 
war  fighters.  The  proposed  work  is  focused  on  the  development  of  such  a  material  and  it  is  targeted  towards  the  segmental  bone  defect 
topic  area  in  the  FY14  PRMRP. 

In  addition  to  cells,  bone  tissue  is  primarily  composed  of  a  calcium  phosphate  mineral  referred  to  as  hydroxyapatite,  collagen,  and  other 
proteins  which  hold  the  first  two  components  together.  Many  researchers  have  attempted  to  develop  implant  materials  composed  of 
hydroxyapatite,  collagen,  and/or  polymers  with  many  formulations,  but  no  one  has  been  able  to  fully  recreate  the  properties  of  natural 
bone.  It  is  believed  that  one  major  missing  component  in  the  existing  research  is  the  lack  of  the  other  naturally  occurring  proteins,  which  are 
referred  to  as  the  SIBLING  (small  integrin  binding,  N-linked  glycoproteins)  family  of  proteins.  It  is  believed  that  these  proteins  play  a  key  role 
in  natural  bone  because  they  are  only  found  in  hard  tissues  like  bone  and  teeth,  and  all  of  the  family  members  contain  hydroxyapatite, 
collagen,  and  cell  binding  domains.  In  the  proposed  work,  for  the  first  time  the  SIBLING  family  of  proteins  will  be  combined  with  a  new 
polymer  material  and  their  role  in  facilitating  cell  recruitment,  proliferation,  and  bone  production  will  be  examined.  The  new  polymer 
substrate  is  an  important  variable  because  it  prevents  the  adsorption  of  proteins  except  under  special  conditions  which  will  be  used  to  attach 
the  SIBLING  proteins.  This  will  allow  for  the  impact  of  the  SIBLING  proteins  to  be  isolated  from  the  complex  environment  associated  with 
biological  systems. 

The  long  term  application  for  this  research  is  to  develop  an  off  the  shelf  implant  technology  that  can  be  used  by  surgeons  to  improve  the 
healing  of  patients  and  warfighters  who  have  critical  size  defects  in  their  bone  tissue  due  to  injury  or  disease.  The  results  that  will  be  obtained 
during  the  completion  of  the  proposed  studies  will  be  used  to  guide  the  development  of  a  new  implant  technology  that  will  be  proposed  for 
future  testing  in  the  body.  Ultimately,  this  technology  will  help  improve  the  recovery  time  and  functionality  of  people  with  significant  injuries 
to  their  bone  tissues. 
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1.  Introduction 


This  report  follows  one  year  of  work  on  the  project  “Development  of  a  Novel  Segmental  Bone 
Defect  Construct”.  In  this  work  a  novel  bone  tissue  engineering  scaffold  material  is  being 
developed  to  address  these  limitations  by  combining  a  multi-functional  polyampholyte  polymer 
scaffold  with  a  SIBLING  protein  biological  cue.  The  first  phase  of  this  work  has  been  to  develop 
polyampholyte  hydrogels  with  a  range  of  mechanical  properties  by  simply  changing  the 
underlying  composition  of  the  hydrogel.  The  second  phase  of  this  work  will  be  to  isolate  the 
effects  of  the  SIBLING  proteins  on  the  proliferation,  differentiation,  and  biological  activity  of 
both  primary  synoviocytes  and  bone  marrow  derived  connective  tissue  progenitor  cells.  This 
project  is  currently  being  transitioned  from  the  University  of  Missouri  where  the  contract  was 
originally  awarded  to  the  University  of  Idaho  where  the  PI  relocated  in  August  2016. 

2.  Keywords 

Polyampholyte  hydrogels;  SIBLING  proteins;  Primary  Synoviocytes;  Bone  marrow  derived 
connective  tissue  progenitor  cells. 

3.  Accomplishments 

Major  Task  1  (All  Subtasks):  No  work  has  been  completed  in  Major  Task  1. 

Major  Task  2  (All  Subtasks):  No  work  has  been  completed  in  Major  Task  2. 

Major  Task  3:  During  the  project  lifetime,  the  project  team  has  successfully  completed  Major 
Task  #3  in  the  approved  Statement  of  Work.  This  Major  Task  was  originally  scheduled  to  be 
accomplished  in  project  months  12-15,  but  was  moved  up  in  the  schedule  due  to  the  impending 
relocation  by  the  PI,  Dr.  Matthew  Bernards.  Under  Subtask  1,  three  different  concentrations  of 
triethylene  glycol  dimethacrylate  (TEGDMA)  cross-linker  were  tested.  The  ratios  that  were 
tested  were  26.3: 1,  13.2: 1,  and  6.6: 1  of  monomers  to  cross-linker.  This  work  was  completed  in 
parallel  with  Subtask  2.  Under  Subtask  2,  three  different  monomer  subunits  were  mixed  across 
five  different  ratios  (1:1:0,  1:0.75:0.25,  1:0. 5:0. 5,  1:0.25:0.75,  1:0:1).  The  specific  monomers  are 
shown  in  Figure  1  in  the  manuscript  in  the  Appendix.  Combining  the  results  from  these  two 
subtasks  the  range  of  fracture  strengths  that  were  achieved  was  ~50  kPa  to  500  kPa.  The  range 
of  Young’s  modulus  that  were  achieved  was  -20  kPa  to  450  kPa.  The  specific  individual  results 
for  each  cross-linker  density  and  each  combination  of  monomers  can  be  seen  in  Figure  4  in  the 
manuscript  in  the  Appendix.  Furthermore,  it  was  concluded  that  the  mechanical  properties  can 
be  easily  tuned  by  varying  the  monomer  composition  of  the  polyampholyte  hydrogel  or  the 
cross-linker  density  or  the  two  in  concert.  However,  there  is  a  limit  to  the  tunability  as  a  function 
of  the  cross-linker  density  as  there  is  a  saturation  concentration  of  cross-linker  that  masks  the 
impact  of  the  underlying  monomer  combinations  as  seen  in  Figure  4c  in  the  manuscript  in  the 
appendix. 

Under  Subtask  3,  all  three  cross-linker  densities  and  all  five  monomer  ratios  that  were  used  to 
demonstrate  the  tunability  of  the  mechanical  properties,  as  discussed  above,  were  tested  to 
demonstrate  their  resistance  to  nonspecific  protein  adsorption  and  their  ability  to  conjugate 


1 


targeted  proteins.  In  the  work  completed,  fibrinogen  (FBG)  and  lysozyme  (LYZ)  were  used 
instead  of  the  SIBLING  family  of  proteins  as  a  proof  of  concept.  It  is  noted,  however,  the 
project  subtask  assigned  to  Site  #2  and  Dr.  Chunlin  Qin  was  successfully  accomplished  as  well. 
Dr.  Qin  has  isolated  and  purified  SIBLING  proteins  for  use  at  Site  #1  by  the  PI.  However,  work 
using  the  SIBLING  proteins  has  not  been  undertaken  due  to  the  delays  described  below  in 
Section  4.  Figure  5,  in  the  manuscript  in  the  Appendix,  demonstrates  that  all  fifteen  samples 
maintained  their  nonfouling  characteristics  confirming  the  hypothesis  that  mixed-charge  polymer 
systems  have  nonfouling  properties  as  long  as  the  charged  monomer  subunits  are  homogeneously 
distributed  throughout  the  hydrogel.  Figure  6,  in  the  manuscript  in  the  Appendix,  demonstrates 
that  all  fifteen  samples  were  capable  of  conjugating  FBG.  This  was  unexpected  as  it  was 
anticipated  that  there  would  be  a  composition  dependence  to  the  conjugation  capabilities  due  to 
the  chemistry  used.  The  conjugation  takes  place  between  a  carboxylic  acid  group  on  the 
hydrogel  and  a  primary  amine  in  the  protein,  and  one  of  the  monomer  subunits  does  not  have  a 
tenninal  carboxylic  acid  group  (3-sulfopropyl  methacrylate).  It  was  determined  that  this 
monomer  was  undergoing  a  saponification  reaction  (Figure  7  in  the  manuscript  in  the  Appendix), 
resulting  in  a  tenninal  carboxylic  acid  group.  Therefore  it  is  possible  to  have  a  wide  range  of 
polyampholyte  polymer  compositions  that  are  both  nonfouling  and  capable  of  conjugation, 
depending  on  the  susceptibility  of  the  monomers  to  undergo  saponification. 

Milestones  Achieved:  The  Statement  of  Work  milestone  for  Major  Task  3  was  “Develop  range 
of  polyampholyte  hydrogel  platforms  for  cellular  testing”.  The  results  described  above 
demonstrate  the  successful  achievement  of  this  milestone  deliverable. 

Major  Task  4  (  All  Subtasks):  No  work  has  been  completed  in  Major  Task  4. 

4.  Impact 

The  first  manuscript  resulting  from  this  work  was  published  in  2016  in  The  Journal  of  Applied 
Polymer  Science  and  it  is  included  as  Appendix  1 .  It  is  entitled  “Tunable  Multi-Functional 
Tissue  Engineering  Scaffolds  Composed  of  Three  Component  Polyampholyte  Polymers”.  The 
PI  will  be  presenting  the  results  of  the  first  manuscript  at  the  Annual  Meeting  of  the  American 
Institute  of  Chemical  Engineers  in  November  2016. 

5.  Changes/Problems 

The  Major  Tasks  #1  and  #2  which  were  to  be  accomplished  during  project  months  1-12  have 
seen  little  progress  to  date.  The  project  has  been  delayed  by  two  different  factors.  The  first 
delay  in  the  accomplishment  of  the  project  deliverable  resulted  from  the  timing  of  the  project 
start  date.  The  academic  year  at  the  University  of  Missouri  began  on  22  August  2015,  but  the 
project  did  not  begin  until  30  September.  This  time  gap  prevented  the  recruitment  of  a  graduate 
research  assistant  to  work  on  the  project  during  the  fall  academic  semester,  delaying  the  tasks  to 
be  accomplished  under  the  direction  of  the  PI  Dr.  Bernards  by  3  months. 

This  initial  3  month  delay  could  have  been  overcome  with  the  addition  of  a  graduate  research 
student  in  January  2016  when  the  spring  academic  semester  began.  However,  at  this  time  the  PI 
knew  of  his  plans  to  relocate  to  a  new  University.  Therefore  the  PI  was  unwilling  to  commit  to  a 
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new  graduate  research  assistant  knowing  that  he  would  not  be  able  to  supervise  that  student’s 
work  to  completion.  As  a  result  Dr.  Bernards  has  not  initiated  work  on  Major  Task  1,  2,  and  4. 

Work  on  this  project  was  halted  effective  May  3 1,  2016  in  order  to  begin  the  process  of 
transferring  this  project  to  the  University  of  Idaho.  Work  has  not  been  reinitiated  at  this  time 
because  the  contract  transfer  process  is  still  underway.  The  PI  has  recruited  a  Ph.D.  student  at 
the  University  of  Idaho  who  will  begin  work  on  this  project  immediately  following  the 
completion  of  the  contract  transfer. 

6.  Products 


The  products  obtained  during  this  reporting  period  are  one  published  manuscript,  included  as 
Appendix  1  and  detailed  above.  In  addition,  the  PI  has  been  accepted  to  present  an  oral 
presentation  at  the  2016  American  Institute  of  Chemical  Engineers  Annual  Meeting  detailing  the 
accomplishments  of  the  project  as  detailed  in  the  accepted  manuscript.  This  presentation  will 
take  place  in  November  2016. 
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Dr.  Matthew  Bernards 
PI 
1 

As  PI,  Dr.  Bernards  has  supervised  all  project  activities  and 
participated  in  the  preparation  of  the  manuscript  that 
resulted  from  this  project. 

Dr.  Ferris  Pfeiffer 
Co-I 
1 

Dr.  Pfeiffer  supervised  the  completion  of  the  hydrogel 
mechanical  testing.  These  results  were  a  key  portion  of  the 
accepted  manuscript  that  resulted  from  this  project. 

Dr.  Aaron  Stoker 
Co-I 
1 

Dr.  Stoker  has  initiated  work  to  isolate  primary 
synoviocytes  and  primary  bone  marrow  derived  connective 
tissue  progenitor  cells  from  canines.  This  work  is  on¬ 
going. 

Dr.  Chunlin  Qin 
Co-I 
1 

Dr.  Qin  supervised  efforts  to  isolate  SIBLING  proteins 
from  rat  incisors  and  long  bones.  This  work  has  been 
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successful  and  is  on-going  in  support  of  the  project  needs. 
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Nearest  person  month  worked: 
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Name: 

Project  Role: 

Nearest  person  month  worked: 
Contribution  to  project: 


Dr.  Hua  Zhang 

Postdoctoral  Research  Associate 
1 

Hua  worked  under  the  guidance  of  Dr.  Qin  to  isolate  and 
purify  SIBLING  proteins.  This  work  has  been  successful 
and  is  on-going  in  support  of  the  project  needs. 

Marcos  Barcellona 
Undergraduate  Research  Assistant 
1 

Marcos  completed  the  synthesis  of  multiple  polyampholyte 
hydrogels  for  mechanical  testing.  This  work  was  included 
as  part  of  the  accepted  manuscript  that  resulted  from  this 
project.  Marcos  also  graduated  during  the  course  of  this 
project  with  his  B.S.  degree  in  Bioengineering.  Marcos 
was  supported  with  other  funding  for  his  work  on  this 
project. 

Siyu  Cao 

Graduate  Research  Assistant 

1 

Siyu  completed  the  characterization  of  the  nonfouling  and 
protein  conjugation  capacity  for  multiple  polyampholyte 
hydrogels.  This  work  was  included  as  part  of  the  accepted 
manuscript  that  resulted  from  this  project.  Siyu  also 
graduated  during  the  course  of  this  project  with  her  M.S. 
degree  in  Chemical  Engineering.  Siyu  was  supported  with 
other  funding  for  her  work  on  this  project. 

Nicole  Walden 

Undergraduate  Research  Assistant 
1 

Nicole  worked  under  the  supervision  of  Dr.  Stoker  on  the 
isolation  of  cells  for  use  in  this  project.  This  work  is  on¬ 
going. 
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ABSTRACT:  Resistance  to  nonspecific  protein  adsorption  and  the  capability  to  provide  targeted  bioactive  signals  are  essential  qualities 
for  implantable  biomaterials.  The  development  of  materials  that  combine  these  multifunctional  characteristics  and  tunable  mechanical 
properties  has  been  a  target  in  the  tissue  engineering  field  over  the  last  decade.  This  study  is  the  first  to  demonstrate  that  polyampho¬ 
lyte  hydrogels  prepared  with  equimolar  quantities  of  positively  charged  and  negatively  charged  monomer  subunits  from  multiple 
monomer  compositions  have  great  potential  to  address  these  needs.  The  hydrogels  were  synthesized  with  positively  charged  [2-(acryl- 
oyloxy)ethyl]  trimethylammonium  chloride  and  different  monomer  ratios  of  the  negatively  charged  2-carboxyethyl  acrylate  and  3- 
sulfopropyl  methacrylate  monomers.  The  physical  and  chemical  properties  of  the  hydrogels  were  fully  characterized,  including  swel¬ 
ling,  hydration,  mechanical  strength,  and  chemical  composition,  and  the  fouling  resistance  of  the  hydrogels  was  demonstrated  using 
enzyme-linked  immunosorbent  assays.  Additionally,  the  capability  of  the  hydrogels  to  facilitate  protein  conjugation  via  EDC/NHS 
conjugation  chemistry  was  assessed.  The  results  clearly  demonstrate  that  the  polyampholyte  hydrogels  have  a  range  of  tunable 
mechanical  strength  based  on  the  monomer  subunits,  while  maintaining  their  excellent  nonfouling  properties.  Additionally,  high  lev¬ 
els  of  conjugated  protein  were  achieved  for  all  of  the  monomer  combinations  investigated.  Therefore,  the  broadly  applicable  multi¬ 
functional  properties  of  polyampholyte  hydrogels  and  their  tunable  mechanical  properties  clearly  demonstrate  the  potential  of  these 
materials  for  tissue  engineering.  ©  2016  Wiley  Periodicals,  Inc.  J.  Appl.  Polym.  Sci.  2016,  133 ,  43985. 
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INTRODUCTION 

The  use  of  biomaterials  as  a  scaffold  basis  for  tissue  engineering  is  a 
widely  used  approach.1,2  However,  the  definition  of  an  ideal  biomate¬ 
rial  scaffold  has  undergone  a  dramatic  revision  over  the  last  decade  as 
the  goal  of  a  biomaterial  has  transitioned  from  simply  being  inert  to 
one  that  is  able  to  induce  the  integration  of  the  adjacent  tissues.3-5 
Therefore  there  has  been  a  resurgence  of  interest  in  developing  novel 
polymeric  materials  that  can  meet  the  redefined  needs  of  a  biocom¬ 
patible  tissue  engineering  scaffold.  These  needs  include  a  significant 
reduction  or  elimination  of  the  foreign  body  response,  the  integration 
of  bioactive  signaling  molecules  to  induce  native  tissue  integration, 
and  the  ability  to  easily  tune  the  physical  properties  like  mechanical 
strength  and  degradation  rate,  among  others.  The  most  challenging 
of  these  features  to  achieve  is  the  multifunctional  ability  to  resist  non¬ 
specific  protein  adsorption,  while  retaining  the  ability  to  deliver  bio¬ 
active  signaling  molecules. 


There  are  a  number  of  functional  groups  that  have  been  demon¬ 
strated  to  have  excellent  resistance  to  nonspecific  protein  adsorp¬ 
tion  including  polyethylene  glycol  (PEG),2,6  phosphorlycholine 
(PC),7-9  sulfobetaine  (SB),10,11  carboxybetaine  (CB), 12-14  and 
two-component  polyampholyte  polymers.15-17  This  resistance  to 
nonspecific  protein  adsorption  has  been  demonstrated  in  biosens¬ 
ing,  drug  delivery,  and  tissue  engineering  applications.18-21  Fur¬ 
thermore,  it  has  been  demonstrated  that  hydrogels  formed  from 
these  chemistries  can  significantly  reduce  the  foreign  body 
response  to  implanted  materials,  thereby  demonstrating  that  mul¬ 
tiple  nonfouling  polymers  can  achieve  the  first  feature  of  an 
“ideal”  biomaterial  for  tissue  engineering.7,22 

The  drawback  of  many  nonfouling  chemistries  is  the  fact  that  in 
order  to  incorporate  bioactive  signaling  molecules,  the  underly¬ 
ing  polymer  functional  groups  must  be  chemically  modified.-3 
This  leads  to  a  reduction  in  the  nonfouling  properties  as  the 
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chemistry  is  modified,  compromising  the  original  advantages  of 
these  polymers  over  others.  However,  there  are  two  exceptions 
to  this,  CB-based  polymers  and  polyampholyte  polymers  con¬ 
taining  carboxylic  acid  terminated  monomers.  Both  of  these 
functional  chemistries  have  been  demonstrated  to  be  capable  of 
covalently  attaching  bioactive  molecules  without  impacting  the 
surrounding  nonfouling  chemistry  using  standard  N-(3-dimethyla- 
minopropyl)-N'-ethylcarbodiimide  hydrochloride/N-hydroxysucci- 
nimide  (EDC/NHS)  chemistry.  This  has  been  demonstrated  in 
both  highly  sensitive  biosensor  investigations,24”26  as  well  as  hydro¬ 
gel  based  systems.27”29  Therefore,  these  two  chemistries  provide  a 
distinct  advantage  over  other  nonfouling  chemistries  for  tissue 
engineering  applications. 

The  final  characteristic  of  an  “ideal”  tissue  engineering  platform 
is  the  ability  to  easily  tune  the  physical  properties  of  the  poly¬ 
mer  scaffold.  The  Jiang  group  has  demonstrated  multiple 
approaches  for  controlling  the  physical  properties  of  CB-based 
hydrogels  by  changing  the  cross-linker  density  or  the  cross¬ 
linker  molecule,12’13’30  but  ultimately  the  physical  properties  of 
these  systems  are  defined  by  the  underlying  CB  monomer.  Our 
group  has  previously  demonstrated  that  polyampholyte  hydro¬ 
gels  composed  of  different  monomer  subunits  have  different 
physical  properties  despite  similar  hydrogel  synthesis  proce¬ 
dures.27,31  It  was  hypothesized  that  multicomponent  (three  or 
more)  polyampholyte  polymers  represent  a  promising  approach 
for  creating  hydrogel  scaffolds  with  tunable  physical  properties, 
while  retaining  their  nonfouling  characteristics  and  protein  con¬ 
jugation  capacity. 

In  this  investigation  this  hypothesis  was  directly  tested  by  syn¬ 
thesizing  a  series  of  polyampholyte  hydrogels  from  different 
combinations  of  three  monomer  subunits.  Overall  neutral  poly¬ 
ampholyte  hydrogels  were  prepared  from  positively  charged 
[2-(acryloyloxy)ethyl]  trimethylammonium  chloride  (TMA) 
monomers  and  varying  combinations  of  negatively  charged  2- 
carboxyethyl  acrylate  (CAA)  and  3-sulfopropyl  methacrylate 
(SA)  monomers.  The  structure  of  these  monomers  can  be  seen 
in  Figure  1.  The  physical  properties,  nonfouling  properties,  and 
conjugation  capability  of  the  resulting  hydrogels  were  all  charac¬ 
terized  and  discussed  relative  to  the  underlying  chemical  com¬ 
position.  The  results  of  this  study  confirmed  the  hypothesis  that 
the  nonfouling  properties  would  be  maintained  as  long  as  the 
overall  hydrogel  was  neutrally  charged  and  there  were  clear 
trends  in  the  mechanical  properties  of  the  hydrogels  as  a  func¬ 
tion  of  the  underlying  chemistry.  Surprisingly,  it  was  also  dem¬ 
onstrated  that  there  was  no  impact  on  the  conjugation  capacity 
of  the  hydrogels  as  a  function  of  composition  and  it  is  believed 
that  this  was  a  direct  result  of  a  saponification  reaction  of  the 
SA  monomer  during  the  hydrogel  synthesis  process. 

EXPERIMENTAL 

Materials 

Phosphate  buffered  saline  (PBS;  150  m M,  pH  7.4),  TMA,  CAA, 
SA,  triethylene  glycol  dimethacrylate  (TEGDMA),  NHS,  EDC, 
o-phenylenediamine  (OPD),  phosphate-citrate  buffer,  and  lyso¬ 
zyme  (LYZ)  from  chicken  egg  white  (>90%)  were  purchased 
from  Sigma  Aldrich  (St.  Louis,  MO).  Ethylene  glycol,  sodium 
metabisulfite  (SMS),  urea,  and  hydrogen  peroxide  were  pur- 
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Figure  1.  Structures  of  the  three  monomers  used  in  this  study. 

chased  from  Fisher  Scientific  Inc.  (Pittsburgh,  PA).  Fibrinogen 
(FBG)  from  human  plasma  (100%)  was  purchased  from  CalBio- 
chem  (San  Diego,  CA).  Horseradish  peroxidase  (HRP)  conju¬ 
gated  fibrinogen  alpha  chain  antifibrinogen  (human  plasma) 
was  purchased  from  GeneTex  Inc.  (Irvine,  CA).  HRP-conjugated 
polyclonal  anti-LYZ  (chicken  egg  white)  was  purchased  from 
United  States  Biological  (Swampscott,  MA).  N-(3-Sulfopropyl)- 
N-methacryloxyethyl-N,N-dimethylammonium  betaine  (SBMA) 
was  purchased  from  Monomer-Polymer  and  Dajac  Laboratories 
(Trevose,  PA).  Ammonium  persulfate  (APS)  and  sodium 
hydroxide  were  purchased  from  Arcos  Organics  (Pittsburgh, 
PA).  Hydrochloric  acid,  1.0  normal  volumetric  solution,  was 
purchased  from  Mallinckrodt  Chemicals  (St.  Louis,  MO). 

Hydrogel  Synthesis 

TMA:CAA:SA  hydrogels  were  synthesized  with  a  series  of  molar 
ratios  of  each  monomer  using  procedures  adapted  from  our 
previous  work.27  Specifically,  five  ratios  of  TMA:CAA:SA  were 
investigated  as  follows:  1:1:0,  1:0.75:0.25,  1:0.5:0.5,  1:0.25:0.75, 
and  1:0:1.  In  each  hydrogel,  2.0  mmol  of  total  monomer  was 
used,  with  1.0  mmol  consisting  of  TMA  and  the  other  1.0 
mmol  being  a  combination  of  CAA  and  SA  based  on  the  ratio 
under  investigation.  The  solvent,  cross-linker  conditions,  and 
polymerization  initiators  were  identical  to  the  previous  work.27 
The  polymerization  solution  was  well  mixed  and  then  inserted 
into  a  hydrogel  mold  and  the  reaction  took  place  over  4  h, 
including  1  h  at  an  elevated  temperature  of  60  °C.  The  two 
ratios  with  greater  SA  content  relative  to  CAA  content  required 
sonication  for  15  min  in  order  to  ensure  that  the  solutions  were 
well  mixed.  Nonfouling  control  hydrogels  composed  of  SBMA 
monomers  were  created  with  previous  procedures.27’31 

Swelling  and  Weight  Percentage  Hydration 

All  five  mixtures  at  all  three  cross-linker  densities  were  prepared 
as  described  above  and  then  their  swelling  and  weight  percent 
hydration  were  characterized.  Swelling  studies  were  conducted 
in  solutions  of  PBS  buffer  at  pH  5,  pH  7.4,  pH  10,  or  DI  water 
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and  the  hydrogel  samples  were  measured  daily  and  the  buffer 
was  replaced  daily  over  a  period  of  6  days.  The  samples  were 
monitored  for  a  total  of  6  days.  The  average  percent  swelling 
was  determined  by  comparing  the  swollen  lateral  surface  area  to 
the  original,  due  to  the  fact  that  the  lateral  dimensions  of  the 
hydrogel  are  significantly  larger  than  the  gel  thickness  and 
under  the  assumption  that  the  gels  swell  uniformly  in  all  three 
dimensions.  The  results  are  expressed  as  the  equilibrium  percent 
swelling  from  three  independently  prepared  samples  for  each 
cross-linker  density  (n  =  3). 

In  order  to  quantify  the  weight  percentage  hydration  all  five 
mixtures  at  all  three  cross-linker  densities  were  prepared  and 
then  immersed  in  ultrapure  water  for  a  minimum  of  48  h.  After 
reaching  equilibrium,  the  gel  samples  were  removed,  patted  dry, 
and  weighed.  Then  the  samples  were  fully  dehydrated  using  a 
desiccator  containing  calcium  sulfate.  The  change  in  sample 
weights  from  before  and  after  desiccation  was  used  to  calculate 
the  average  mass  percent  of  water.  These  experiments  were  con¬ 
ducted  for  three  independently  prepared  gels  at  each  cross¬ 
linker  density  (n  =  3). 

Mechanical  Characterization 

All  five  mixtures  at  all  three  cross-linker  densities  were  synthe¬ 
sized  using  the  procedures  described  above  with  the  exception 
that  they  were  formed  in  a  15-mL  centrifuge  tube  rather  than 
the  flat  hydrogel  mold  using  10  X  more  material  to  compensate 
for  the  larger  volume.  The  mechanical  testing  was  completed 
following  a  24  h  soak  in  pH  7.4  PBS  buffer  using  a  TAHDi  Tex¬ 
ture  Analyzer  (Texture  Technologies  Corp,  Scarsdale,  NY) 
equipped  with  a  100  kg  load  cell  and  testing  conditions  identi¬ 
cal  to  those  used  previously  to  test  two-component  polyampho¬ 
lyte  hydrogels.27,31  A  minimum  of  three  sections  for  each  of 
three  independently  prepared  samples  were  analyzed  for  each 
composition  and  cross-linker  density  (n  =  9). 

ELISA 

To  test  for  nonspecific  protein  adsorption  to  TMA:CAA:SA 
across  all  of  the  test  ratios,  ELISA  evaluations  were  used  based 
on  procedures  from  previous  work.17'-7'31  Briefly,  hydrogel  disks 
with  a  diameter  of  5  mm  were  used  for  all  investigations  and 
the  nonspecific  adsorption  from  1  mg/mL  solutions  of  either 
FBG  or  LYZ  were  tested  following  1.5  h  of  exposure.  The 
adsorbed  protein  was  detected  using  HRP-conjugated  antibodies 
to  the  respective  proteins  at  concentrations  of  1.25  pg/mL  HRP- 
conjugated  anti-FBG  in  PBS  buffer  or  10  pg/mL  HRP- 
conjugated  anti-LYZ  in  PBS  buffer  following  1.5  h  of  antibody 
exposure.  The  relative  level  of  bound  antibody,  and  therefore 
protein,  was  determined  following  exposure  to  an  OPD  solution 
by  monitoring  the  absorbance  at  492  nm  using  a  BioTek  Power- 
Wave  XS2  multiwell  plate  reader  (Winooski,  VT)  and  Gen5  1.07 
software  (BioTek).  The  final  measured  absorbance  in  each  sam¬ 
ple  well  were  averaged  and  normalized  to  the  average  tissue  cul¬ 
ture  polystyrene  (TCPS)  value,  which  represents  a  full 
monolayer  of  adsorbed  protein.  Three  independent  trials  with 
three  hydrogel  disks  each,  for  both  proteins  were  completed 
(n  =  9).  Propagation  of  experimental  uncertainty  was  conducted 
throughout  all  of  the  trials  and  was  used  to  represent  the  error 
in  the  experimental  data. 


Protein  Conjugation 

The  ability  to  covalently  attached  protein  using  EDC/NHS  was 
tested  for  all  five  ratios  at  all  three  cross-linker  densities  using 
previously  published  procedures.27  Briefly,  5  mm  hydrogel  disks 
were  activated  in  a  solution  EDC/NHS  for  7  min  and  then  they 
were  transferred  to  either  PBS  buffer  (control)  or  1  mg/mL 
FBG  in  PBS  buffer  (conjugation)  for  15  min.  Then  the  samples 
were  deactivated  by  sequentially  soaking  them  in  a  PBS  buffer 
with  a  pH  of  9,  followed  by  PBS  buffer  with  a  pH  of  7.4.  The 
samples  were  then  exposed  to  1.25  pL/mL  HRP-conjugated 
anti-FBG  for  1.5  h,  followed  by  an  OPD  solution.  As  with  the 
ELISA  procedures,  the  relative  levels  of  protein  were  detected  by 
measuring  the  absorbance  at  492  nm,  30  min  after  the  exposure 
to  OPD.  However,  due  to  the  extensive  color  change  within  the 
gels,  the  absorbance  was  measured  in  the  absence  of  the  gels  as 
a  single  test  point  read.  As  before,  the  results  for  each  sample 
were  normalized  to  TCPS.  The  averages  were  obtained  from 
three  samples  for  each  of  three  independent  trials  for  all  of  the 
hydrogel  conditions  (n  =  9).  Propagation  of  experimental  uncer¬ 
tainty  was  conducted  throughout  all  of  the  trials  and  was  used 
to  represent  the  error  in  the  experimental  data. 

Chemical  Characterization 

In  order  to  characterize  the  composition  of  the  hydrogel  sam¬ 
ples,  TMA:CAA:SA  hydrogels  at  all  five  ratios  along  with  a  1:0:1 
TMA:CAA:SA  hydrogel  with  no  NaOH  were  prepared  with  a 
4X  cross-linker  density  as  described  above.  Following  synthesis, 
these  samples  were  immersed  in  DI  H20  for  48  h  and  then  they 
were  fully  dehydrated  in  a  vacuum  desiccator  using  calcium  sul¬ 
fate.  The  chemical  composition  of  the  samples  were  determined 
using  a  Kratos  Axis  165  photoelectron  spectrometer  (XPS;  Kra- 
tos  Analytical,  Inc.;  Chestnut  Ridge,  NY).  Spectra  were  collected 
following  a  60-s  sputter  cleaning  using  a  monochromatized  Al- 
Ka  source  with  an  energy  of  1486.6  eV,  a  takeoff  angle  of  60°, 
and  a  spot  size  of  approximately  700  pm.  Data  analysis  was 
completed  using  previously  described  procedures.27'31  A  mini¬ 
mum  of  two  data  points  were  analyzed  for  each  hydrogel 
composition. 

Statistical  Analysis 

Statistical  analysis  was  conducted  using  one-way  analysis  of  var¬ 
iance  (ANOVA)  and  results  were  considered  to  be  statistically 
significant  at  a  95%  confidence  interval  (p<  0.05).  Statistical 
analysis  was  conducted  using  Origin  Lab  9.20.00  (OriginLab 
Corporation,  MA). 

RESULTS  AND  DISCUSSION 
Physical  Properties 

Our  group  has  previously  characterized  polyampholyte  hydro¬ 
gels  composed  of  only  two  monomer  subunits  and  found  that 
the  hydrogels  had  significantly  different  physical  properties, 
while  maintaining  excellent  nonfouling  characteristics  as  long  as 
the  monomer  subunits  have  an  equimolar  and  homogeneous 
distribution  throughout  the  hydrogel.27'31  Therefore,  the  focus 
of  this  study  is  to  characterize  the  dependence  of  the  hydrogel 
properties  on  the  composition  in  order  to  demonstrate  the  tun- 
ability  of  the  final  material  properties  through  monomer  selec¬ 
tion.  In  addition,  the  most  common  method  for  controlling  the 
mechanical  properties  of  a  hydrogel  is  to  tune  the  cross-linker 
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Figure  2.  Mean  ±  standard  deviation  of  the  equilibrium  swelling  percentage  for  hydrogels  with  different  TMA:CAA:SA  ratios  at  cross-linker  densities  of 
(a)  IX,  (b)  2X,  and  (c)  4X  in  different  buffers.  A  *  indicates  a  statistically  significant  difference  between  the  indicated  compositions  at  each  cross-linker 
density,  a  **  indicates  a  statistically  significant  difference  between  the  IX  and  2X  cross-linker  densities  for  the  indicated  composition  and  property,  and 
a  ***  indicates  a  statistically  significant  difference  between  the  2X  and  4X  cross-linker  densities  for  the  indicated  composition  and  property,  all  at  a  95% 
confidence  interval  (p<  0.05). 


density,  so  the  composition  dependence  of  the  hydrogel  proper¬ 
ties  were  also  compared  across  three  cross-linker  densities.  By 
doing  this  it  is  possible  to  demonstrate  the  full  range  of 
mechanical  properties  attainable  with  this  approach.  The  three 
cross-linker  densities  represented  total  monomer  to  cross-linker 
ratios  of  26.3:1  (IX),  13.2:1  (2X),  and  6.6:1  (4X).  The  initial 
characterizations  were  of  the  physical  properties  including  swel¬ 
ling  behavior,  weight  percent  hydration,  and  mechanical 
characteristics. 

The  swelling  characteristic  of  the  hydrogels  are  crucial  for  our 
later  studies  because  the  surface  area  of  each  hydrogel  must  be 
identical  in  order  for  us  to  test  their  protein  adsorption  levels 
without  normalization  due  to  differences  in  surface  area.  The 
swelling  test  was  performed  for  all  of  the  TMA:CAA:SA  ratios 
and  cross-linker  densities  to  determine  the  extent  of  swelling  as 
a  function  of  the  composition.  This  was  done  across  multiple 
pH  values  and  in  DI  water  and  the  results  are  shown  in  Figure 
2.  The  swelling  percentage  is  defined  as  the  ratio  of  the  swollen 


surface  area  to  the  original  one  before  being  immersed  in  the 
test  solution.  The  swelling  characterization  studies  confirmed 
prior  results  that  the  hydrogel  samples  completely  swell  within 
1  day,  with  no  quantifiable  size  change  thereafter. 

As  expected,  it  is  readily  apparent  that  the  swelling  percentage 
decreases  as  the  cross-linker  density  is  increased.  This  is  espe¬ 
cially  apparent  when  looking  at  the  swelling  characteristic  differ¬ 
ences  that  occur  when  the  cross-linker  concentration  is 
increased  from  2X  to  4X.  As  seen  in  Figure  2(c),  all  but  two  of 
the  swelling  conditions  examined  are  statistically  smaller  than 
the  results  determined  with  a  cross-linker  density  of  2X,  but 
this  is  expected  because  the  higher  cross-linker  concentration 
leads  to  the  formation  of  a  more  rigid  structure.  In  addition, 
when  one  compares  the  swelling  results  for  the  IX  and  2X 
cross-linker  concentrations,  it  appears  that  the  presence  of  CAA 
has  a  more  significant  influence  on  the  swelling  behavior  of  the 
gels  as  compared  to  the  SA  monomer,  as  there  are  statistically  sig¬ 
nificant  differences  between  these  two  cross-linker  concentrations 
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in  most  of  the  test  buffers  until  the  SA  monomer  is  enriched  in  the 
hydrogel  (1:0.25:0.75). 

In  Figure  2(a),  it  can  be  seen  that  there  are  relatively  few  statis¬ 
tically  significant  changes  in  the  swelling  behavior  as  the  com¬ 
position  is  modified  to  increase  the  SA  concentration  relative  to 
the  CAA  concentration  for  the  1 X  cross-linker  density.  It 
appears  that  the  swelling  percentage  increases  as  the  amount  of 
SA  increases  in  the  pH  5  buffer,  however,  the  only  statistically 
significant  change  in  the  pH  5  swelling  behavior  occurs  when 
the  composition  is  modified  from  the  1:1:0  to  the  1:0.75:0.25 
ratio  of  TMA:CAA:SA.  Additionally,  the  majority  of  the  statisti¬ 
cally  significant  differences  in  swelling  behavior  in  the  other  test 
buffers  primarily  occur  as  the  composition  is  changed  from  the 
1:0.75:0.25  TMA:CAA:SA  ratio  to  the  1:0.5:0.5  TMA:CAA:SA 
ratio. 

It  is  also  possible  to  compare  the  endpoints  of  this  study  to  pre¬ 
vious  work.  When  the  results  for  the  TMA:CAA:SA  ratio  of 
1:0:1  are  compared  to  a  previous  investigation  of  [2-(methacry- 
loyloxy)  ethyl]  trimethylammonium  chloride  (TM)  and  SA 
hydrogels  (TM:SA  =  1:1),  it  can  be  seen  that  the  swelling  per¬ 
centage  has  been  greatly  improved  in  this  study.31  The  improved 
swelling  may  be  a  result  of  switching  the  positively  charged 
monomer  from  TM  to  TMA.  However,  TMA  has  the  same 
structure  as  TM,  only  missing  one  methyl  group.  It  is  not  likely 
that  one  methyl  group  will  drastically  change  the  swelling  char¬ 
acteristics,  so  this  was  the  first  indication  that  there  may  be 
changes  in  the  chemistry  of  the  SA  monomer,  as  discussed  in 
more  detail  later.  When  we  compare  the  results  for  the  TMA: 
CAA:SA  ratio  of  1:1:0  to  a  previous  work  with  TMA:CAA 
hydrogels,  it  can  be  seen  that  the  swelling  percentages  are  a  little 
lower,  but  much  closer  to  previous  results.27  Furthermore,  all  of 
the  swelling  results  demonstrate  that  these  polyampholyte 
hydrogels  have  similar  swelling  characteristics  to  the  closely 
related  family  of  zwitterionic  polymer  hydrogels.12’13,32 

After  characterizing  the  swelling  percentage,  we  determined  the 
hydration  weight  percent  of  the  hydrogel  at  various  TMA:CAA: 
SA  ratios.  The  hydration  capability  is  essential  for  biocompati¬ 
bility  and  the  nonfouling  properties  rely  on  the  formation  of  a 
strong  hydration  layer.  In  Figure  3,  we  can  easily  observe  that 
all  of  the  hydration  weight  percentage  reach  or  exceed  90%, 
which  suggests  that  all  of  the  systems  are  highly  hydrated.  As 
expected,  the  hydration  weight  percent  is  statistically  lower  for 
all  but  one  of  the  4X  cross-linker  densities  and  this  is  likely  due 
to  the  decreased  ability  to  swell  to  allow  additional  hydration. 
Again,  it  is  relevant  to  compare  the  1:1:0  and  1:0:1  characteris¬ 
tics  to  previous  work.  The  results  for  the  1:0:1  are  noticeably 
higher  in  this  study  as  compared  with  Dobbins  et  al.  while  the 
1:1:0  results  are  identical  to  Schroeder  et  al.  This  again  suggests 
there  are  changes  in  the  chemistry  of  the  SA  monomer  as  dis¬ 
cussed  below.27,31 

The  final  physical  characteristics  that  were  evaluated  were  the 
mechanical  properties  of  the  hydrogels  at  different  compositions 
and  cross-linker  densities.  The  results  for  the  fracture  stress  and 
Young’s  modulus  as  a  function  of  composition  are  summarized 
in  Figure  4.  In  addition,  representative  compressional  stress- 
strain  curves  for  all  five  ratios  at  all  three  cross-linker  densities 


TMA:CAA:SA  Ratio 

Figure  3.  Average  ±  standard  deviation  of  the  hydration  weight  percentage 
for  hydrogels  with  different  TMA:CAA:SA  ratios.  A  *  indicates  a  statisti¬ 
cally  significant  difference  from  only  the  IX  cross-linker  density  and  a  ** 
indicates  a  statistically  significant  difference  from  both  the  IX  and  2X 
cross-linker  densities  at  a  95%  confidence  interval  (p<  0.05). 

can  be  found  in  the  Supporting  Information  in  Figure  Sl(a-c). 
It  can  be  seen  in  Figure  4  that  there  is  a  steady  increase  in  the 
compressive  strength  and  Young’s  modulus  as  the  concentration 
of  the  SA  monomer  increases  across  both  the  IX  and  2X  cross¬ 
linker  densities.  It  is  important  to  note  that  only  the  increase  in 
compressive  strength  is  statistically  significant  for  each  incre¬ 
mental  composition  change  for  both  cross-linker  densities,  while 
the  same  cannot  be  said  for  the  Young’s  modulus  results.  These 
changes  in  mechanical  properties  as  a  function  of  composition 
are  attributed  to  the  underlying  native  properties  of  the  mono¬ 
mer  subunits.  However,  it  can  be  seen  in  Figure  4(c)  that  this 
trend  does  not  continue  as  the  cross-linker  density  is  increased 
further  to  4X.  As  the  cross-linker  density  is  increased  to  this 
level  it  appears  that  the  properties  of  the  cross-linker  species 
TEGDMA  begins  to  overshadow  the  properties  of  the  monomer 
subunits,  thereby  leveling  out  the  mechanical  properties  regard¬ 
less  of  the  underlying  polyampholyte  chemistry.  Additionally,  it 
can  be  seen  that  there  are  much  larger  errors  associated  with 
the  mechanical  testing  results  with  a  4X  cross-linker  density.  In 
an  effort  to  reduce  the  standard  deviation  across  the  4X  cross¬ 
linker  density  results,  three  times  as  many  samples  were  tested 
as  compared  to  the  IX  and  2X  samples.  However,  the  increased 
sample  size  had  no  noticeable  effect  on  the  variability  in  the 
results.  It  is  hypothesized  that  the  reaction  rate  of  the  polymer¬ 
ization  process  is  so  quick  that  cross-linker  inhomogeneity  leads 
to  increased  variation  in  the  mechanical  properties  across  multi¬ 
ple  samples.  However,  a  detailed  investigation  of  the  polymer¬ 
ization  rate  is  beyond  the  scope  of  this  investigation.  Finally,  it 
is  noted  that  the  mechanical  properties  achieved  with  these 
hydrogels  are  similar  to  those  found  for  other  nonfouling 
hydrogel  chemistries.12,13,30,33 

Nonfouling  Characterization 

The  nonfouling  properties  of  the  hydrogels  were  assessed  using 
positively  charged  LYZ  and  negatively  charged  FBG  through 
ELISA  techniques.  The  tests  were  performed  on  hydrogels  of  all 


\l  i«"6 


WWW.MATERIALSVIEWS.COM 


43985  (5  of  10) 


J.  APPL  POLYM.  SCI.  2016,  DOI:  10.1002/APP.43985 


ARTICLE 


WILEYONLINELIBRARY.COM/APP 


Applied  Polymer 


13  1000 

900 


ro 

CL 


800- 


700- 


=  600- 


500  - 


Fracture  Strength 
^2  Young's  Modulus 


1:1:0  1:0.75:0.25  1:05:0.5  1:0.25:0.75  1:0:1 

TMA:CAA:SA  Ratio 


TMA:CAA:SA  Ratio 

Figure  4.  Average  ±  standard  deviation  of  the  fracture  strength  and  Young’s  modulus  for  TMA:CAA:SA  hydrogels  with  different  compositions  at  cross¬ 
linker  densities  of  (a)  IX,  (b)  2X,  and  (c)  4X.  A  *  indicates  a  statistically  significant  difference  between  the  indicated  compositions  at  each  cross-linker 
density,  a  **  indicates  a  statistically  significant  difference  between  the  IX  and  2X  cross-linker  densities  for  the  indicated  composition  and  property,  and 
a  ***  indicates  a  statistically  significant  difference  between  the  2X  and  4X  cross-linker  densities  for  the  indicated  composition  and  property,  all  at  a  95% 
confidence  interval  (p<  0.05). 


five  different  ratios  and  all  three  concentrations  of  cross-linker.  It 
has  previously  been  demonstrated  that  if  a  polyampholyte  polymer 
chemistry  is  enriched  with  either  a  positively  charged  or  negatively 
charged  monomer  relative  to  the  other,  the  resulting  polymer  will 
strongly  adsorb  proteins  with  opposite  charge.15  Therefore,  the 
purpose  of  these  ELISA  investigations  are  to  provide  indirect  evi¬ 
dence  that  the  oppositely  charged  monomer  subunits  are  homoge¬ 
neously  distributed  in  equimolar  concentrations  following  the 
hydrogel  synthesis.  There  is  also  a  wide  body  of  literature  reviewed 
elsewhere,18’21  that  support  the  hypothesis  that  neutrally  balanced 
polyampholyte  hydrogels  are  nonfouling  regardless  of  chemistry. 
However,  there  are  limited,  if  any,  studies  that  demonstrate  the 
nonfouling  properties  of  three  component  polyampholyte  poly¬ 
mers  prior  to  this  work.  Therefore  these  ELISA  investigations  will 
also  provide  evidence  that  three  component  polyampholyte  poly¬ 
mers  also  demonstrate  nonfouling  properties. 

Because  ELISA  does  not  yield  a  specific  adsorbed  amount,  the  results 
were  normalized  using  a  fouling  control  material,  TCPS.  TCPS  is 
assumed  to  represent  a  complete  monolayer  of  adsorbed  protein 


under  the  conditions  used  here.  In  addition  to  TCPS,  ELISA  was  also 
performed  on  SBMA.  SBMA  was  selected  as  the  negative  control 
because  of  its  well-acknowledged  nonfouling  properties.10,11  If  the 
results  of  protein  adsorption  on  the  TMA:CAA:SA  samples  are  not 
statistically  different  from  the  SBMA  control,  it  suggests  the  TMA:- 
CAA:SA  hydrogel  is  nonfouling  and  charge  balanced.  The  results  of 
the  ELISA  studies  are  summarized  in  Figure  5.  As  can  be  seen  in  Figure 
5,  none  of  the  TMA:CAA:SA  ratios  at  any  cross-linker  density  have 
nonspecific  protein  adsorption  levels  that  are  significantly  different 
from  the  SBMA  control  for  both  probe  proteins.  This  was  expected 
and  it  supports  the  hypothesis  that  all  polyampholyte  chemistries  that 
have  a  homogeneously  dispersed,  net  neutral  mixture  of  charged  sub¬ 
units  have  nonfouling  properties,  especially  when  it  is  combined  with 
the  existing  body  of  literature  regarding  polyampholyte  polymers.18,21 

Protein  Conjugation 

To  further  investigate  the  potential  to  use  polyampholyte  hydro¬ 
gels  for  tissue  engineering  applications,  the  ability  to  covalently 
attach  proteins  to  the  hydrogels  was  characterized  next.  In  order 
to  activate  the  TMA:CAA:SA  hydrogels,  the  samples  are  placed 
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Figure  5.  Mean  ±  propagated  error  of  the  nonspecific  protein  adsorption  to  hydrogels  with  different  TMA:CAA:SA  ratios  at  cross-linker  densities  of  (a) 
IX,  (b)  2X,  and  (c)  4X. 


into  an  acidic  solution  of  EDC/NHS,  during  which  the  nega¬ 
tively  charged  carboxylic  acid  groups  of  CAA  become  proto- 
nated.  The  advantage  of  this  approach  is  the  fact  that  unreacted 
carboxyl  group  can  be  returned  to  their  negatively  charged  form 
with  a  slightly  basic  pH  buffer  solution  rinse,  enabling  the 
hydrogel  to  maintain  its  nonfouling  property.27 

The  conjugation  experiment  was  conducted  for  all  five  ratios  at 
all  three  cross-linker  densities  using  FBG.  The  protein  conjuga¬ 
tion  level  is  then  compared  to  the  control  group  and  the  non¬ 
fouling  results  discussed  above.  The  control  group  hydrogels  are 
activated  and  deactivated,  with  the  exception  that  PBS  buffer  is 
used  in  place  of  FBG.  The  results  are  summarized  in  Figure  6, 
where  it  can  be  clearly  seen  that  all  of  the  TMA:CAA:SA  hydro¬ 
gel  ratios  at  all  three  cross-linker  densities  have  statistically 
higher  protein  conjugation  levels  as  compared  to  the  control 
group  and  previous  SBMA  nonfouling  control  results.  This 
result  is  somewhat  surprising  given  the  fact  that  the  native  SA 
monomer  is  not  capable  of  undergoing  the  EDC/NHS  conjuga¬ 
tion  reaction.  The  fact  that  the  1:0:1  sample  had  protein  conju¬ 


gation  levels  that  were  identical  to  the  1:1:0  samples  at  all  three 
cross-linker  densities  confirmed  the  earlier  results  that  suggested 
there  is  a  change  in  the  chemistry  of  the  SA  monomer.  It  was 
hypothesized  that  due  to  the  presence  of  NaOH  in  the  hydrogel 
synthesis  buffer,  the  SA  monomer  was  undergoing  a  saponifica¬ 
tion  reaction.  This  reaction  dissociates  the  ester  group,  leaving  a 
carboxyl  group  just  like  the  end  group  of  CAA  and  a  schematic 
of  this  reaction  shown  in  Figure  7. 

To  test  this  hypothesis,  XPS  analysis  was  completed  to  investi¬ 
gate  the  underlying  chemistry  of  all  of  the  TMA:CAA:SA  hydro¬ 
gels.  Additionally,  the  1:0:1  ratio  was  also  evaluated  with  a 
modified  hydrogel  synthesis  buffer  where  the  NaOH  was 
replaced  with  DI  water,  to  eliminate  the  catalyst  for  the  saponi¬ 
fication  reaction.  Representative  broad  survey  spectra  for  all  five 
ratios  of  TMA:CAA:SA  and  the  1:0:1  TMA:CAA:SA  without 
NaOH  along  with  average  atomic  compositions  for  all  six  sam¬ 
ples  can  be  found  in  the  Supporting  Information.  Due  to  the 
similarity  in  the  composition  of  the  monomer  subunits,  the  the¬ 
oretical  changes  in  atomic  composition  are  not  large  enough  to 
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Figure  6.  Mean  ±  propagated  error  of  the  anti-FBG  response  following  EDC/NHS  mediated  conjugation  of  FBG  to  hydrogels  with  different  TMAiCAA: 
SA  ratios  and  cross-linker  densities  of  (a)  IX,  (b)  2X,  and  (c)  4X.  The  dashed  line  in  each  panel  represents  the  anti-FBG  response  for  the  associated 
SBMA  nonfouling  control  from  Figure  5.  A  *  represents  a  statistically  significant  difference  from  both  the  EDC/NHS  control  and  the  nonfouling  controls 
at  a  95%  confidence  interval  (p<0.05). 
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Figure  7.  Proposed  saponification  reaction  of  the  SA  monomer. 


be  distinguishable  using  XPS  combined  with  curve  fitting 
(atomic  composition  changes  of  <1%).  However,  the  theoretical 
ratio  of  sulfur  to  nitrogen  should  increase  from  0  to  1  in  0.25 
increments  as  the  CAA  monomer  is  replaced  with  SA.  Table  I 
shows  the  S/N  ratio  that  was  determined  for  each  of  the  TMA: 


CAA:SA  hydrogels  where  it  can  clearly  be  seen  that  there  are  no 
clear  changes  in  the  S/N  ratio  as  a  function  of  the  TMA:CAA:SA 
ratio.  The  only  significant  differences  are  seen  between  the  1:1:0 
to  1:0.75:0.25  ratios  as  the  SA  monomer  is  introduced  to  the 
sample  and  the  1:0:1  ratio  in  the  presence  or  absence  of  NaOH 


Table  I.  Sulfur  to  Nitrogen  Ratios  for  TMA:CAA:SA  Hydrogels 


TMA:CAA:SA 

1:1:0 

1:0.75:0.25 

1:0. 5:0. 5 

1:0.25:0.75 

1:0:1 

1:0:1  No  NaOH 

Theoretical  S/Na 

0.00 

0.25 

0.50 

0.75 

1.00 

1.00 

XPS  S/N  ±  propagated 
error 

0.00  ±0.00 

0.49  ±0.12 

2.35  ±0.99 

0.90  ±1.35 

1.71  ±0.33 

8.11  ±1.83 

a  Assuming  that  the  saponification  reaction  does  not  take  place. 
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in  the  hydrogel  synthesis  buffer.  When  the  results  for  these  two 
synthesis  conditions  are  compared  it  is  clear  that  there  is  more 
sulfur  present  in  the  final  hydrogel  when  the  NaOH  has  been 
removed  from  the  system.  It  should  also  be  noted  that  all  of  the 
SIN  ratios  are  greater  than  the  theoretical  ratio  due  to  the  pres¬ 
ence  of  APS  and  SMS  initiator  that  have  not  been  fully  removed 
from  the  hydrogel  during  the  soaking  process.  This  has  been 
seen  previously  in  related  studies.18,21 

To  better  understand  the  state  of  the  sulfur  species  that  remain 
in  the  1:0:1  TMA:CAA:SA  hydrogel  following  the  two  synthesis 
conditions,  high  resolution  XPS  spectra  were  collected  for  the  S 
2p  peak  and  representative  spectra  can  be  seen  in  Figure  8. 
When  these  two  spectra  are  compared  side-by-side  it  is  quite 
clear  that  there  are  differences  in  the  type  of  sulfur  present.  In 
Figure  8(a),  the  strongest  sulfur  peak  is  based  around  the  region 
for  mercaptan  (C — S)  species,  with  a  smaller  peak  based  in  the 
region  for  sulfite  species  (S03).  These  are  representative  of  trace 
amounts  of  the  unreacted  SA  monomer,  the  cleaved  sulfur 
group  following  saponification,  or  the  polymerization  initiator 
species.  In  addition,  high  resolution  sulfur  spectra  for  all  of  the 
other  SA  monomer  containing  ratios  had  a  similar  appearance. 


Conjugation  Control  Nonfouling 


Figure  9.  Mean  ±  propagated  error  of  the  anti-FBG  response  to  1:0:1 
TMA:CAA:SA  hydrogels  with  a  4X  cross-linker  density  formed  in  the 
presence  or  absence  of  NaOH  in  the  hydrogel  synthesis  solvent.  A  *  repre¬ 
sents  a  statistically  significant  difference  in  the  results  compared  with  the 
sample  formed  with  water  and  the  nonfouling  controls  at  a  95%  confi¬ 
dence  interval  (p<  0.05). 


a 


B- 

e) 

c 

0) 

c 


1400-1 

1200- 

1000- 

800- 

600- 


In  contrast,  Figure  8(b)  shows  a  much  stronger  sulfite  associ¬ 
ated  peak,  along  with  a  sulfate  (S04)  associated  peak.  These  two 
peaks  greatly  overshadow  the  peak  associated  with  the  mercap¬ 
tan  species,  suggesting  that  the  sulfonic  acid  group  of  the  SA 
monomer  dominates  the  sulfur  related  signal.  The  drastic  differ¬ 
ences  between  the  XPS  sulfur  analysis  also  provide  direct  evi¬ 
dence  that  the  saponification  reaction  has  occurred  over  a  large 
percentage  of  the  SA  monomer  species  when  NaOH  is  present 
in  the  hydrogel  synthesis  buffer. 
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Figure  8.  Representative  high  resolution  XPS  sulfur  spectrum  for  1:0:1 
TMA:CAA:SA  hydrogels  with  a  4X  cross-linker  density  formed  in  the  (a) 
presence  or  (b)  absence  of  NaOH  in  the  hydrogel  synthesis  solvent. 


In  addition,  to  further  confirm  these  results,  we  conducted 
another  set  of  experiments  to  compare  the  protein  conjugation 
capabilities  of  the  1:0:1  ratio  formed  with  NaOH  to  one  formed 
with  DI  water  substituted  in  place  of  the  NaOH  and  the  results 
are  shown  in  Figure  9.  It  can  be  seen  in  Figure  9  that  the  hydro¬ 
gels  made  in  a  solvent  containing  NaOH  have  a  much  higher 
conjugation  level  compared  to  those  made  in  DI  water  contain¬ 
ing  solvent.  This  further  supports  the  conclusion  that  the  SA 
monomer  has  undergone  saponification.  This  result  also  sug¬ 
gests  that  multifunctional  polyampholyte  hydrogels  can  be 
formed  from  multiple  chemistries.  This  opens  up  an  even  wider 
range  of  potential  monomers  that  can  be  used  to  form  multi¬ 
functional  polyampholyte  hydrogels,  which  should  result  in  a 
wider  range  of  tunable  physical  properties  based  on  monomer 
selection.  Our  group  is  actively  pursuing  the  demonstration  of 
this  concept. 

CONCLUSIONS 

In  this  work  polyampholyte  hydrogels  were  formed  from  mix¬ 
tures  of  positively  charged  TMA  and  negatively  charged  CAA 
and  SA  monomer  subunits.  They  were  fully  characterized  as  a 
function  of  cross-linker  density  and  monomer  ratio.  These 
hydrogels  were  demonstrated  to  have  a  high  swelling  capacity 
and  hydration  level,  and  hydrogels  with  higher  SA  ratios  or 
higher  cross-linker  densities  were  found  to  have  greater 
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mechanical  properties.  All  of  the  hydrogels  were  also  shown  to 
have  nonfouling  properties  for  both  FBG  and  LYZ.  Further¬ 
more,  they  were  demonstrated  to  have  pFI-dependent  protein 
conjugation  capability,  which  enables  them  to  be  bioactive  for 
cell  adhesion.  This  was  true  even  in  hydrogel  samples  without 
CAA  due  to  the  occurrence  of  a  saponification  reaction  with  the 
SA  monomer.  The  results  of  this  work  demonstrate  an  effective 
and  unique  path  for  creating  mechanically  tunable,  multifunc¬ 
tional  polyampholyte  hydrogels  simply  by  modifying  the  mono¬ 
mers  used  in  the  synthesis. 
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